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Inspired by f’c(4380) and f’c(4450) recently observed by LHCb, a QCD sum rule investigation is performed, 
by which they can be identified as exotic hidden-charm pentaquarks composed of an anti-charmed meson and a 
charmed baryon. Our results suggest that Pc(4380) and f’c(4450) have quantum numbers J’’ = 3/2“ and 5/2^, 
respectively. Furthermore, two extra hidden-charm pentaqurks with configurations DTf. and are predicted, 
which have spin-parity quantum numbers = 3/2“ and J'‘ = 5/2^, respectively. As an important extension, 
the mass predictions of hidden-bottom pentaquarks are also given. Searches for these partners of /’;,(4380) and 
F’c( 4450) are especially accessible at future experiments like LHCb and Bellell. 
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Introduction .—Exploring exotic matter beyond conven¬ 
tional hadron configurations is one of the most intriguing cur¬ 
rent research topics of hadronic physics, and these studies will 
improve our understanding of non-perturbative QCD. With 
the experimental progress on this issue over the past decade, 
dozens of XYZ charmonium-like states have been reported, 
which provide us good opportunities to identify exotic hidden- 
charm four-quark matter |[T|. Facing such abundant novel phe¬ 
nomena relevant to four-quark matter, we naturally conjec¬ 
ture that there should exist hidden-charm pentaquark states 
|l2}|6l. In fact, the possible hidden-charm molecular pen¬ 
taquarks composed of an anti-charmed meson and a charmed 
baryon were investigated systematically within the one bo¬ 
son exchange model in Ref. 0. However, the experimental 
evidence of exotic hidden-charm pentaquark state has been 
absent until the LHCb Collaboration’s recent observations of 
two hidden-charm pentaquark resonances. 

Via the —> Jjij/pK process, LHCb observed two en¬ 

hancements, Pc(4380) and f’c(4450), in the Jl^pp invariant 
mass spectrum Q, which shows that they must have hidden- 
charm quantum number and isospin I - 1/2. Additionally, 
their resonance parameters are measured, i.e., Mp^( 43 go) = 
4380 +8 ± 29 MeV, r/)^(4380) = 205+18 + 86MeV, A//)^(4450) = 
4449.8 + 1.7 + 2.5 MeV, and rp^( 4450 ) = 39 + 5 + 19MeV Q. 
Later, they are studied by using the boson exchange model ii 
and the topological soliton model Q, etc. 

In this letter, we give an explicit QCD sum rule investi¬ 
gation to F’c( 4380) and Pc(4450). We shall investigate the 
possibility of interpreting them as hidden-charm pentaquark 
configurations composed of an anti-charmed meson and a 
charmed baryon; Pc(4380) can be well reproduced using a 
[Z)*Sc] structure with quantum numbers - 3/2“, and 
f’c(4450) can be well reproduced using a mixed structure of 
[Z)*Ac] and [DL*] with j’’ - 5/2^. One notes that the “struc¬ 
ture” here means we are using meson-baryon currents having 


the color configuration {cdqdM^^^^Caqtqcl, where a---d are 
color indices, q represents up, down and strange quarks, and 
c represents a charm quark. These local currents could probe 
either a tightly-bound pentaquark structure or a molecular 
structure composed of an anti-charmed meson and a charmed 
baryon. 

Besides clarifying properties of these two observed 
Pc( 4380) and Pc(4450) pentaquarks, in this letter we further 
give theoretical predictions of two extra hidden-charm pen¬ 
taqurks with configurations DL* and Z)*L*, as partners of 
Pc(4380) and Pc(4450). After the LHCb’s observation JT), ex¬ 
perimental exploration to these predicted hidden-charm pen¬ 
taquarks will be an intriguing research topic, of interest to 
both experimentalists and theorists. 

Interpretation o/observed Pc(4380) and Pc(4450) states.— 
As the first step, we briefly discuss how to construct lo¬ 
cal pentaquark interpolating currents having spin J - 3/2, 
flavor-octet 8 f, and containing one cc pair. There are two 
possible color configurations, either {cdCdMe^^^^qaqtqcl or 
{cdqd\{^'^‘^Caqbqc\- These two configurations, if they are lo¬ 
cal, can be related by the Fierz transformation as well as the 
color rearrangement: 

^de ^ahc _ ^da ^ebc ^db ^ec ^dc ^abe 

The former configuration, {cdCd\{^‘’‘^qaqbqA, can be easily 
constructed based on the results of Ref. Col that there are 
three independent local light baryon fields of flavor-octet and 
having a positive parity: 

= eabcd''^'^CqB)yiqc ^ 

< - eabce^^^A^ci^fCysqWc, ( 2 ) 

= e„bce^^^A^c(qfCy^ysq‘’g)y5q‘c, 

where A - ■ ■ D are flavor indices, and qA - {u,d ,s)m the light 
quark field of flavor-triplet. Together with light baryon fields 


2 


having negative parity, JsN^^, and the charmonium 

fields: 


CdCd[0^],Cdr5Cd[0 ], 

CdJfiCd [ 1 ^], Cdj^ysCd [ 1 ^], CdCTijyCd [ 1 *], 

we can construct the currents containing J -312 components, 
which are: 


analyses. Because currents of this type can not be systemati¬ 
cally constructed so easily, we just choose some of them and 
give their relations to and but leave the detailed 

discussions for our future studies. 

We can transform the current using the Fierz trans¬ 

formation (f.t.) and the color rearrangement (c.r.) to be 


r-cmul 1 jD'H, 



( 8 ) 


[qq][A^^] , [cdy5Cd\[N^^] , [cdy^Cd][N’^^] , 

[cdytiy5Cd] ’ \cdy^tCd] [A^^], [cdyiiyscd] [A^^], (3) 

[cdO-^vCd\[N^ 2^ - [cdO-^yCdMN^p], 

as well as their partners having opposite parities, i.e., 
[• • ■ ][75 ■ • ■ ] (such as [cdC^][y 5 A^^]). We note that their pari¬ 
ties are a bit complicated and will be discussed later. 

Besides 7 = 3/2 components, these currents can also con¬ 
tain 7=1/2 and 5/2 components. The 7=1/2 components 
can be safely removed in the two-point correlation functions, 
which will be discussed after Eq. ( [20] i and so we shall not con¬ 
sider any more; to separate 7 = 3/2 and 5/2 components, we 
need to use projection operators. For example, the current 


where 

= [cdy,idd][eabc{ulCyyUb)y''ysCc], (9) 
J,i " = [Cdy5dd][eabc(UaCyijUb)Cc] ■ ( 10 ) 

The former one, seems to contain color-singlet D* and 

I.C, which structure we denote as [Z)*Ec]. It may be interpreted 
as a tightly-bound pentaquark structure or a [Z)*Sc] molecular 
state. If there exists a state with such structures, this current 

D'L* ~ 

would couple strongly to it. The latter one, 7^ % has a [Z)Z*] 
structure. 

We can also transform the current to be 


r]^f,y = [cdVcdMysN^y], 

(4) 

ccuud 

contains both spin 7 = 3/2 and 5/2 components: 


where 

= [CdrCd][y5Nl]-[CdfCd][y5N’^p\, 


-’{by) 

d%v) = \cdrcd][y5Nl] + [cdy''cd\[ysNl], 

(5) 

-'{by) 

where contains both 7 ^ = 3/2^ and 3/2 components. 

jb'K 

-’{by) 


1 1 jbiz 3 jb’h, 

^ 


( 11 ) 


= [cdy^ldd\Uabc{ulCyyUb)y5Cc\ -H {p v), ( 12 ) 

= [cdyby5dd\[eabc{ulCyyUb)Cc] -H {p v), (13) 

= [cdybUd\[eabc{ulCyyysdb)Cc] -H {p v). (14) 


and contains only the 7^ = 5/2^ component. 

Among the currents listed in Eqs. (j^ and (|^, s 

{cdy^lCd}{N^ 2 \ of 7^ = 3/2“ couples well to the combination 
of 7/i/z and proton through 5-wave, and of 7^ = 5/2^ 
couples well to the combination of 7/i/z and proton through 
P-wave, when their quark contents are ccuud: 

^ccuud ^ [cdynCd][eabc(ulCdb)yiUc], 

^2^ ~ \-^dy^^dW.^abcitt^^Cybdi^ll(^\ ^ 

iz[7y] = {cdy^iCd]{eabc{ulCyyysdb)uc\+{p<r-, v]. (6) 

In the following we shall use the mixed current containing 
“Ioffe’s baryon current”, which couples strongly to the lowest- 
lying nucleon state IfTTl fT^ 

ccuud _ ccuud ccuud rn\ 

^\2fi - Hxn Hlfi ^ 





They have D*E*, DS* and D*Ac structures, respectively. 

In the following, we shall use the method of QCD sum 
rules IfTTHTgl |2T]| to investigate and 

[cdCd][e‘‘'’‘^qaqbqc] structure, and 7^ 7^^% 7|^^j, and 

7|Xt‘ [cdqd]W‘'’‘'Caqbqc] structure. Eqs. M 

suggest that the structures coupled by these currents, 
would naturally decay to 7/i/z and proton final states: 7) 

Dl.* 

and Jp " couple equally to “5-wave” 7/i/z and proton, and 

jb'K 

jD’l,'. , jDTl 

7, , and 7, ^ 

It is important to note that although these pentaquark cur¬ 
rents have definite parities (3/2" and 5/2^), they can couple 
to states of both positive and negative parities, by adding a 75 
(see discussions in Refs. lfT3UT5]l and especially in Ref ifT^ l: 


couples to “P-wave” 7/i/z and proton more strongly than 


as well as to perform QCD sum rule analyses. However, 
we shall see that the results are not useful. 

Considering that the experimental observed states have 
masses significantly larger than the threshold of 7/i/z and pro¬ 
ton, but close to thresholds of D/D* and Ac/Ec/E*, we shall 
also construct currents belonging to the other configuration, 
[cdqd][^^‘^Caqbqc], and use them to perform QCD sum rule 


<0|7|P) = fBuip), (15) 

<0|7|P') = fB'ybu’ip), (16) 

where \B) has the same parity as 7, and \B') has the opposite 
parity. These equations also suggest that 7 and y^J can couple 
to the same state, and so the partners of these currents having 
opposite parities can also be used, such as 75 ? 7 [ 2 ™‘^j but they 
just lead to the same sum rule results. 
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In this paper we shall use the non-ys couplings, Eq. 
and the couplings for and are: 

<0|7f^1[D*SJ> = (17) 

<0|yjJ|[D*X:]> = /5 .,.M|;.v)(p). (18) 

The formulae are similar for ? 73 ^““p 

’ "'hlch we shall not repeat. Then the two-point correla¬ 
tion functions can be written as: 


= i f |yf'-W/f ^(0)] 10) 

(4 + + 


q^qv 


tD’I.', , tD’E* 

7|^v) (■^)7|po-) ( 0 ) 


10 ) 


(19) 


/ 2 '\ 

^^fiVpCT ) 

= / J d\e'‘>'^{Q\T 

= (^/jp^yir + giiirgyp) {4 + M[o. 5 ;.])n^’^' {q^) + ■■■ ,(20) 


where the spin 1/2 components are all contained in ■ ■ ■, such 
as qpqv(4 + '«)nf/ 2 ^" (^^)’ 

One can also use the 75 couplings, Eq. The resulting 
two-point correlation functions are similar to Eqs. and 
@, but with (4 + Mx) replaced by (-4 + Mx), where X is 
either [Z)*£c] or [5*S*]. This difference would tell us the par¬ 
ity of X. We note that the result does not change when using 
75 Jp and 75 having opposite parities. Technically, in 

the following analyses we use the terms proportional to 1 
and 1 X gppgva- to evaluate the mass of X, which are then com¬ 
pared with those proportional to ^ x g^y and 4 x gppgva- to 
determine its parity. 

We follow Ref. ED and obtain j and through: 


mI(so,Mb) 


e ^^^Bp^(s)sds 


( 21 ) 


where p^{s) is the QCD spectral density which we evaluate up 
to dimension eight, including the perturbative term, the quark 
condensate (qq), the gluon condensate {g]GG), the quark- 
gluon mixed condensate (g^qo-Gq), and their combinations 
{qq}^ and {qq){gsqcrGq). The full expressions are lengthy and 
will not be shown here. We use the values listed in Ref. ED 
for these condensates and the charm quark mass (see also 
Refs. ESiQl). 

There are two free parameters in Eq. the Borel mass 
Mb and the threshold value sq- We use two criteria to con¬ 
strain the Borel mass Mb- One criterion is to require that the 
dimension eight term be less than 10 % to determine its lower 
limit Mg"': 


^fqq)(g,q(TCq)^°°^ ^b) 
n^(oo, Mb) 


< 10 %, ( 22 ) 


and the other criterion is to require that the pole contribution 
(PC) be larger than 10% to determine its upper limit Mg"'': 


pp _ Il'^(^o,Mg) 

“ n^(oo,MB) 


> 10 %. 


(23) 


Altogether we obtain a Borel window Mg'" < Mb < M"g"" for 
a hxed threshold value sq- To determine sq, we require that 
both the So dependence and the Mb dependence of the mass 
prediction be the weakest. 

We perform QCD sum rule analyses using ? 7 [ 2 ““‘^ and 
of the [qq] [("‘’"qaqbqc] conhguration, but the results are not 
useful, because the spectral density p^^l 2 ^\s) obtained using 
j^BBuud js too simple: it only contains the 4 x gpv part but no 
1 X ggy part, and moreover, this 4 x gpv part only contains 
the perturbative term and (g^GG). There are also many terms 
missing in the spectral density p^^l 2 ^\s) obtained using 
its 4'>^gppgva- part only contains the perturbative term, {g^GG}, 
iqq)^ and {qq){gsq<jGq), but its 1 X gppgva- part only contains 
{qq) and {gsqcrGq}. This makes bad OPE convergence and 
leads to um'eliable results. 



FIG. 1: The variation of with respect to the threshold 

value io (left) and the Borel mass Mg (right). In the left figure, the 
long-dashed, solid and short-dashed curves are obtained by fixing 
Mg = 3.9, 4.1 and 4.3 GeV^, respectively. In the right figure, the 
long-dashed, solid and short-dashed curves are obtained for io = 19, 
21 and 23 GeV^, respectively. 


We also perform QCD sum rule analyses using Jg Jp^\ 
■7{^yQ 7 “)’ 7|^y^ [Cdqd\[e"‘’"caqhqc] configuration. 

Here, we use Jg ^'[3/2 ], defined in Eq. as an example, 
whose sum rule has reasonable working regions. We calcu¬ 
late its spectral density, py^^\s), and use its 1 x ggv part to 
evaluate the mass of [Z)*2c], denoted as j. We show 

its variation with respect to the threshold value sq in the left 
panel of Eig. We quickly notice that this dependence is the 
weakest around io ~ 18 GeV^, and the Mb dependence is the 
weakest around sq ~ 24 GeV^. Accordingly, we choose the 
region 19 GeV^ < so 5 23 GeV^ as our working region. The 
corresponding Borel window is 3.9 GeV^ < Ml < 4.3 GeV^ 
for So = 21 GeV^. We also show the variations of j with 
respect to the Borel mass Mb in the right panel of Eig. [D in 
a broader region 2.5 GeV^ < < 5.0 GeV^, while these 

curves are more stable inside the Borel window. We obtain 
the following numerical results: 

- 4.37!°;[^ GeV, 


Convergence (CVG) s 


(24) 
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where the central value corresponds to Mb = 4.1 GeV^ and 
So = 21 GeV^, and the uncertainty comes from the Borel mass 
Mb, the threshold value sq, the charm quark mass and the var¬ 
ious condensates ||2TI . Finally, we find that the ^ x part of 
the spectral density is very similar to the part. 

This means that [5*2c] has the same parity as 7^ ^'^[3/2“], 
that is negative: 

A^[n.L.],3/2-=4.37t!^GeV. (25) 


This value is consistent with the experimental mass of 
Fc(4380) Q, and supports it as a [Z)*Sc] hidden-charm pen- 
taquark with quantum numbers - 3/2“. 

The masses obtained using [5/2^] and 7^^^^[5/2^], de¬ 
fined in Eqs. (13 i and ( [l4] l, depend much on the threshold 
value io and so are not useful. However, the following mixed 
current of and gives a reliable mass sum rule: 


'IM 


’{liv] 


jDlZ&D'Ar 


= sin6ix7|^5 -H cos 0 X 


(26) 


when the mixing angle 6 is fine-tuned to be -51 + 5°, and the 
hadron mass can be extracted as 


^[DI.’&D'A,],5/2+ 


4.47!“;20 GeV, 


(27) 


with 20 GeV^ < < 24 GeV^ and 3.2 GeV^ < < 3.5 

GeV^. This value is consistent with the experimental mass of 
Fc(4450) Q, and supports it as an admixture of [77* Ad and 
[DSd with quantum numbers 7^ = 5/2^. Accordingly to its 
internal structure described by suggest its main 

decay modes include P-wave D*Ac and DS* besides Jjif/N. 

The prediction of extra hidden-charm pentaquarks .— The 
tetraquark family can give us some information about the pen- 
taquark family. To date, there are already six members in the 
family of the electrically charged states: A(3900)'^, A(4020)'^, 
A(4050)*, A(4250)*, A(4430)* l23l, and 2^4200)+ OT1 . 
They all contain at least four quarks, and can be described 
using the eight independent tetraquark currents with quan¬ 
tum numbers = l^l^A which represent internal struc¬ 

tures of these states in the method of QCD sum mles (see 
Refs. 1201 im and references therein). While, there are many 
independent pentaquark currents having quantum numbers 
7 = 3/2 and 7 = 5/2, the more complicated internal structures 
of pentaquark suggesting that there may be more pentaquark 
states besides Pc(4380) and Pc(4450). 


DS* _ 

In this paper we use the pentaquark currents 7^ ^ [3/2 ] and 

[5/2^], defined in Eqs. (9i and (12i, to perform QCD 
sum rule analyses. Other currents of tfe"^ same configuration 
{[cd‘Jd][^^‘^Caqbqc]) will be investigated in our future studies, 
where we shall do a systematical study in order to fully under- 

DZ* _ 

stand them. The mass obtained using 7^ “^[3/2 ] is 


= 4.45!°:!^ GeV, (28) 


47[£)*i;j],5/2+ 


(29) 


Hence, we predict that there is the probability of a [DS*] 
hidden-charm pentaquark having mass 4.45 /q }3 GeV and 
quantum numbers 7^ = 3/2“ and a [Z)*S*] pentaquark having 
mass 4.59 /q J 2 and 7^ = 5/2^. Accordingly to their inter- 

DZ* D*Z* 

nal structures described by 7^ and J^^yf, we suggest that the 
former one [DS*] mainly decay into 5-wave Z)2* and J/fN 
and the latter one [Z)*S*] mainly decay into P-wave D*'Zc and 
JlfN. 

If the hidden-charm pentaquarks exist in nature, there 
should be hidden-bottom pentaquarks with antibottom meson 
and bottom baryon components, which are as the partners of 
Pc(4380) and Pc(4450). Employing the previously obtained 
formalism, we further predict the masses of these possible 
hidden-bottom pentaquarks, i.e., 

47[b.,,], 3/2- = 11.55!°i3GeV, (30) 

M[be-&b-a,]. 5 / 2 ^ = 11.66!°;^^ GeV. (31) 

The former one [B*l,h] mainly will decay into 5-wave 
T(15)V/T(25)V and may decay into and the latter one 
[B'Ll&B*Ah] mainly decay into P-wave B*Ah, T(15)A, 
and T(25)A. These results provide valuable information for 
experimental exploration of these hidden-bottom pentaquarks. 

Conclusion .— In summary, the observation of Pc(4380) 
and P,(4450) by LHCb Q has opened a new window for 
studying hidden-charm exotic pentaquark states. 

In this letter, we have performed a QCD sum mle inves¬ 
tigation, by which Pc(4380) and Pc(4450) are identified as 
hidden-charm pentaquark states composed of an anti-charmed 
meson and a charmed baryon. We use 7^ to perform QCD 
sum rule analysis and the result shown in Eq. ( [25] ) supports 
Pc(4380) as a [D*Sc] hidden-charm pentaquark with quantum 
numbers 7^ = 3/2“. We use the mixed current jD^'A^'A, 
to perform QCD sum rale analysis, and the result shown in 
Eq. ( |27| ) implies a possible mixed hidden-charm pentaquark 
structure of Pc(4450), as an admixture of [D*Ac] and [DS*] 
with quantum numbers 7^ = 5/2^, and its main decay modes 
include P-wave D*Ac and DS* besides Jlif/N. 

Besides them, a) we use other two independent currents 

DZ* D*Z* 

7 ^ ' and J^^yf to perform QCD sum rule analyses, and pre¬ 
dict there may be a [D£*] hidden-charm pentaquark having 
mass 4.45/;y[3 GeV and quantum numbers 7^ = 3/2“, and a 
[5*2*] hidden-charm pentaquark having mass 4.59/;Qj2 GeV 
and 7^ = 5/2^; b) we predict two hidden-bottom pentaquarks, 
as partners of Pc(4380) and Pc(4450). We also discuss their 
possible decay modes according to their internal structures de¬ 
scribed by pentaquark interpolating currents. 

All these states/structures have a [cdqd][C’^‘^Caqbqc] color 
configuration, could probe either a tightly-bound pentaquark 
structure or a molecular structure composed of an anti¬ 
charmed meson and a charmed baryon. We shall test more 
structures, such as the antiquark-diquark-diquark configura¬ 
tion, e^^^[ca] [e^f^q/qg], in our future studies. 

In the near future, further experimental and theoretical 
study of hidden-charm/hidden-bottom (molecular) pentaquark 
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will still be important, especially with the running of LHC at 
13 TeV and forthcoming Bellell. 
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